To live anaerobically an organism must generate its energy and synthesize its substance without recourse to molecular 02. Thus any discussion of the biochemistry of anaerobiosis must centre on what alternatives there are to aerobic respiration and oxygenic photosynthesis as means of biological energy conservation, and to what extent an anaerobe is constrained by being denied the facility of exploiting molecular O2 as a substrate in biosynthetic, catabolic or detoxification reactions. The discussion will further be coloured by our knowledge that in the course of evolution anaerobiosis predated aerobiosis, so that in the contemporary aerobe all of its peculiarly aerobic processes appear to be grafted on to the basic stock of anaerobic cellular metabolism (Wald, 1964) .
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Bioenergetics
Anaerobic bioenergetic processes exploit both substrate-level phosphorylation (as in fermentations) or electron-transport-linked phosphorylation (as in anoxygenic photosynthesis and anaerobic respiration). Excellent accounts of such processes have appeared in review articles on chemotrophic anaerobic bacteria (Thauer et al., 1977) , photosynthetic bacteria (Jones, 1977) , phosphorylative electron transport to fumarate or nitrate (Kroger, 1977) and bacterial respiration (Haddock & Jones, 1977) . The number of substrate-level-phosphorylation reactions implicated in bacterial fermentations is relatively small in contrast with the very many and diverse routes whereby their energy-rich substrates are produced (ultimately via dehydrogenation or lyase reactions). The necessity to generate one or more of these high-energy substratks frequently contrives to create metabolic pathways the like of which are not found in aerobes, and enormous gaps still remain in our knowledge of many of these fermentations. Nor are these processes as inflexible as was once imagined. It is becoming evident in branched fermentation pathways that controls operate on key enzymes so as to adjust the flow of metabolites through competing routes in such a way as to maximize ATP gain and overall thermodynamic efficiency (Thauer et al., 1977) .
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Denitrifying bacteria are, in the main, aerobes with the optional facility of respiring anaerobically with nitrate as terminal oxidant (Payne, 1976) , but both the sulphate reducers (Le Gall & Postgate, 1973) and bacteria that use C 0 2 as terminal electron acceptor (Wolfe, 1971 ; Andreesen et al., 1973) are obligate anaerobes. Anaerobic respiration with fumarate as terminal oxidant is practised by some obligate and many facultative anaerobes (Kroger, 1977) . Following the identification of the electron carriers and the sequences in which they participate in the various electron-transport chains, attention is now being focused on their topography on theenergy-transducing membranes of these anaerobically respiring organisms (Thauer et al., 1977; Kroger, 1977) and of photosynthetic bacteria (Jones, 1977) . In all cases the actual ATP synthesis is effected by a membrane-associated ATPase* complex, and it is a striking instance of biochemical conservatism that irrespective of their source such ATP synthetases are very similar in their constitution and properties (Postma & van Dam, 1976; Haddock & Jones, 1977 ). Yet, in an obliquely fermentative anaerobe it could well be that the ATPase complex functions only as a proton-translocating ATP phosphohydrolase, which utilizes ATP produced by substrate-level phosphorylation to generate the transmembrane protonmotive force needed for ionic regulation, active transport of certain nutrients, etc. It is not conceivable that such an ATPase complex may lack some of the structural features of an electron-transport-coupled ATP synthetase. Although this hypothesis has received no support from studies of the ATPase complex of anaerobically grown Streptococcus faecalis (Abrams et a[., 1976), it would be preferable to examine the ATPase complexes of obligate anaerobes, which under no circumstances indulge in electron-transportlinked phosphorylation. We have purified the ATPase complex of Clostridium pasteurianum (Clarke & Morris, 1977) and have incorporated it together with bacteriorhodopsin into artificial proteoliposomes. Preliminary findings (D. J. Clarke & J. G. Morris, unpublished work) suggest that this ATPase complex possesses a somewhat simplified structure (particularly in the Fo component) and that although it can be impelled to synthesize ATP in uitro, it is markedly less effective in this synthetic role than are the ATPases of facultatively respiratory bacteria. This may help to explain why we have been unable to observe ATP synthesis by whole cells of C . pasteurianum in response to an applied reverse electrochemical gradient of protons. It will be interesting to compare the structure of this and similar anaerobic bacterial ATP phosphohydrolases with those eukaryotic Mg2+-dependent ATPases that merely have an electrogenic function, e.g. the cell-membrane ATPase (as opposed to the mitochondria1 ATPase) of Neorospora crassa (Bowman & Slayman, 1977; Scarborough, 1977) .
Biosynthesis and catabolism
From an evolutionary standpoint it is not surprising to find that not even in aerobes do 02-dependent reactions feature in main-line biosynthetic routes to the fundamentally most crucial, and hence universal, cellular components. Thus, for example, the oxygen atoms in guanine and the pyrimidine bases are not late substituents derived from molecular 02, but have their origins in the organic precursorsof the primaryring structure of inosinic and orotic acids. In any event, anaerobes are not wholly denied the means to,accomplish hydroxylations, which can be undertaken via a combination of dehydrogenation and hydration reactions, with the incorporated oxygen atom being derived from water. It is intriguing that even when an alternative 02-dependent biosynthetic route is conceivable (e.g. to mono-unsaturated fatty acids or to nicotinate) many aerobes still use a possibly more primitive anaerobic means of synthesizing the same end product. One marked exception to this ability to dispense with O2 as substrate is to be found in sterol biosynthesis where there is evidently no plausible way of cyclizing squalene to lanosterol that does not involve molecular O2 (Bloch, 1976) . Thus at least one obligate anaerobe, namely C . pasteurianum, contains squalene but is devoid of sterols (E. I. Mercer & J. G. Morris, unpublished work).
* Abbreviation: ATPase, adenosine triphosphatase.
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Hydroxylases and oxygenases frequently play a prominent role in aerobic bacterial degradation of aromatic compounds. But again aromatic-ring cleavage can be accomplished anaerobically by some photosynthetic bacteria, bacteria respiring with nitrate and methanogenic consortia of anaerobes (Evans, 1976) .
Benefits as well as constraints accrue from an anaerobic existence
Growth in the absence of free O2 allows a low redox potential to be maintained in the culture, and much of the rather special metabolism of many obligate anaerobes is directly or indirectly attributable to the availability to them of ample reducing power supplied at low potential. A diversity of electron carriers that operate at low potentials has been discovered in these anaerobes (non-haem iron-sulphur proteins, various flavoproteinsand other couples not yet characterized), and some quite novel biochemistry is displayed in reaction sequences ultimately reliant on the availability of such lowpotential electron donors, but frequently thereafter also involvingcorrinoid and pteridine cofactors and various metalloproteins [some quite unusual, e.g. tungsten-enzymes (Ljungdahl, 1976) l. The methane bacteria present a spectacular example of novel reductive metabolism involving uncustomary cofactors, e.g. factor F d 2~ which seems to act in these organisms in place of ferredoxin, and coenzyme M, which has a methyl-transfer function. Yet in other anaerobes too we find many examples of unusual reliance on potent reductive processes, e.g. the generation by reductive carboxylation of a-0x0 acid precursors of amino acids (Sauer et al., 1975) , the direct reduction of C 0 2 to formate (Thauer et al., 1977) and the Cz from C1 production of acetate from C 0 2 plus H2 (Andreesen et al., 1973 ; Ohwaki & Hungate, 1977) . Lowpotential reactions are, of course, not exclusive to anaerobes, for many aerobes (photosynthetic organisms and nitrogen fixers) also generate low-potential electron donors, contain low-potential electron carriers and can accomplish striking feats of intracellular reduction (Benemann &Valentine, 1971) . Even so, in the especial toxicity of metronidazole to anaerobes (both bacteria and trichomonads) we apparently have a dramatic example of their singular reductive capacity (Lindmark & Miiller, 1976) , which is further evidence in other instances of their ferredoxin-dependent reduction of aryl nitro compounds (O'Brien & Morris, 1971 ; McCormick et al., 1976) .
In mixed communities of anaerobes, the possibility exists of mutually beneficial syntrophic associations between different organisms based on the circulation of relatively-low-potential redox couples, e.g. S2-/S and H2/H+. Co-operativity between anaerobes based on interspecies H2 transfer may be more widespread than is generally credited. It is therefore not surprising that considerable attention has recently been devoted to studies of the hydrogenases of various organisms, their locations, properties and functions either as an 'escape valve' for excess reducing power or as a means of exploiting available Hz as a primary reductant. In turn, this has led to important discoveries about the controls exercised on H2 discharge, which are frequently indirectly imposed on enzymes yielding reduced ferredoxin, e.g. from reduced nicotinamide nucleotides or pyruvate (Thauer et al., 1977) . Particularly fascinating was the finding that in H2-producing anaerobic trichomonads such as Tritrichomonas foetus the metabolic apparatus associated with H2 generation is localized in a subcellular organelle (the hydrogenosome), which contains a pyruvate dehydrogenase and hydrogenase that share the same low-potential electron carrier (Miiller, 1976) .
Oxygen rehtions
Anaerobiosis is not synonymous with aerointolerance, and since O2 toxicity seems primarily to be mediated by by-products of O2 consumption, it is theoretically possible that an anaerobe could be aeroduric by virtue of a total indifference to 02. In practice, facultative anaerobes generally demonstrate their preference for an aerobic existence by switching (in some cases quite dramatically) to a respiratory mode of metabolism, with O2 as preferred terminal oxidant. Obligate anaerobes, on the other hand, are aero-intolerant, but sensitive t o Oz toxicity t o differing degrees. The questions posed by the existence of this spectrum of 0, sensitivity, which extends from the most exacting anaerobe t o the moderately 0,-tolerant species, have been discussed elsewhere (Morris, 1976) . It would seem that many factors may be involved, only one of which is the possession by some obligate anaerobes of modest defences against Oz toxicity in the form of some catalase and some superoxide dismutase activities. Also relevant are differences in the rates and means of Oz consumption,-the amounts of reducing power that may without detriment be diverted to scavenge 0, from the environment, the crucial dependence of some organisms on sustenance of a very low culture redox potential, and, of course, differing degrees of reliance on especially O2-sensitive enzymes.
The work in our laboratory was supported by the Science Research Council (U.K.).
